Cyclotron resonance and mass enhancement by electron correlation in KFe2As2 
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Cyclotron resonance (CR) measurements for the Fe-based superconductor KFe2As2 are performed. 
One signal for CR is observed, and is attributed to the two-dimensional a Fermi surface at the F 
point. We found a large discrepancy in the effective masses of CR [(3.4±0.05)me (me is the free 
electron mass)] and de-Haas van Alphen (dHvA) results, a direct evidence of mass enhancement 
due to electronic correlation. A comparison of the CR and dHvA results shows that both intra- and 
interband electronic correlations contribute to the mass enhancement in KFe2As2. 

PACS numbers: 71.18.+y, 71.38.Cn, 74.70.Xa, 76.40.+b 



Recently discovered Fe-based superconductors [T] have 
attracted much attention because of their high transi- 
tion temperatures (Tc). The maximum Tc exceeds 54—56 
K j2H4]. For Fe-based superconductors, substantial evi- 
dence points to the occurrence of unconventional super- 
conductivity (extended 5- wave and nodal gap structures) 
both experimentally and theoretically [5l[6]. In uncon- 
ventional superconductivity, it is believed that a strong 
electronic correlation exists, which renormalizes the mass 
of the conduction electrons, and that it is closely re- 
lated to the superconducting mechanism. Because ef- 
fective mass is an excellent measure of electronic cor- 
relation for a conductor, the effective masses as well 
as the Fermi surface (FS) structures provide valuable 
information on the superconducting mechanism. Thus 
far, the FS structures and effective masses (m*) for Fe- 
based superconductors have been reported in various ex- 
periments, such as those involving de-Haas van Alphen 
(dHvA) oscillations, optical spectroscopy, angle-resolved 
photoemission spectroscopy (ARPES) [5]|6], and angle- 
dependent magnetoresistance oscillations (AMROs) mea- 
surements [7 . Recently, systematic dHvA measurements 
for BaFe2[As(2-x)Px] revealed critical-like increase of the 
mass enhancement factor toward the antiferromagnetic 
(AF) phase boundary [8 , which is another important 
aspect needed for understanding the superconducting 
mechanism. 

KFe2As2 is an end member of the [Ba(i_x)Kx]Fe2As2 
family. This material has a relatively low Tc (~3 K) 
and shows no structural or magnetic transitions [H [10] . 
Therefore, we can study original large FSs, whose struc- 
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ture is closely related to the superconducting mechanism. 
This is in a sharp contrast to the other end member 
BaFe2As2, in which a magnetic transition associated with 
structural change takes place at around 140 K JT], and 
reconstructed small FSs are observed at low temperatures 
[12]. The specific heat, thermal conductivity, microwave 
penetration depth, and small-angle neutron scattering 
measurements for KFe2As2 indicate the presence of a 
nodal superconducting gap structure (TSHIS]. However, 
the detailed gap structure is still under debate: (i-wave 
symmetry with vertical line nodes or extended s-wave 
symmetry with horizontal nodes is proposed [151 116] . 
Because the optimally doped material of this family (x 
^ 0.4) is considered as a fully gapped superconduc- 
tor, the study of the FS structure and effective mass of 
KFe2As2 has a significant meaning for the understanding 
of the superconducting mechanism in [Ba(i_x)Kx]Fe2As2 
family. According to the ARPES measurements \n\ [18] , 
there are large FSs (a, P) centered at the F point 

and small e FSs near the corners of the first Brillouin zone 
(FBZ), although there are discrepancies in their sizes. 
In the dHvA measurement [19 , three different FSs (a, 
C, and e) are found, whose effective masses are 6.0 and 
6.5me (a), 8.5 and 18me (C), and 6.0 and 7.2me (e) for 
the minimal and maximal cross sections of the quasi-two- 
dimensional (Q2D) FS {rrie is the free electron mass), re- 
spectively. The corresponding mass enhancement factors 
(^^dHvA/^band, whcrc riband IS the Calculated band 
mass) are reported to be: 4.3 and 2.7 (a), 3.9 and 6.9 
(C), and 20 and 24 (e), respectively. The AMRO mea- 
surements reveal two series of oscillations: strong oscilla- 
tions associated with a and a weak one associated with ( 
[7 . For the a FS, the averaged mass enhancement factor 
from the dHvA measurements (=3.5) is reasonably con- 
sistent with the recently reported ARPES measurements 
result, where m^j^p^g/mband ~ 3 [18]. These values are 
rather large compared to the mass enhancement factors 
observed in another Fe-based superconductor LaFePO 
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FIG. 1: (color online), (a) Schematic of the sample and cavity 
configuration. The induced ac current is coupled with the 
cyclotron motion of electrons, (b) Magnetic field dependence 
of the cavity transmission for u = 62.0 GHz and T = 0.6 K. 
The lower (red) and upper (blue) curves show the raw data 
and the background-subtracted data, respectively (see text for 
details). The sharp absorption at around 2 T is attributed to 
the ESR of some impurities or contaminations, and the broad 
absorption (indicated by the arrow) corresponds to CR. 



(^dHvA/^band ^ 2) [20 . Such a large mass enhance- 
ment is likely due to the strong electron-electron (e-e) 
interaction in KFe2As2. The electron-phonon (e-p) cou- 
pling in iron-pnictides is generally thought to be weak 
as suggested by theoretical estimations of the coupling 
constants for LaOFeAs and BaFe2As2 [27^23^. However, 
there still exist some inconsistencies in the FS structures 
for different experiments, which renders the arguments 
explaining mass enhancement less reliable. 

Here, we report the cyclotron resonance (CR) experi- 
ments for KFe2As2. Single crystals of KFe2As2 are ob- 
tained from the same batch as that used for our previous 
dHvA and AMRO measurements. Although CR mea- 
surements are a powerful method to directly obtain the 
effective mass of a conductor, they cannot determine the 
size of the cross sectional area and the position of the FS 
in the /c-space, leading to some ambiguity in assignment 
of the CR signal for multi FS systems. In this study, we 
have compared the CR results with our previous AMRO 
and dHvA measurements, which allows the unambigu- 
ous assignment of the CR signal. A comparison of the 
effective mass determined from CR measurements (^n^j^) 
with m^jj^^ further enables us to determine the contribu- 
tion of e-e interaction to mass enhancement [24-28 . We 
obtain the e-e coupling constants corresponding to the 
intra- and interband e-e interactions separately, which 
are closely related to the superconducting mechanism. 

Single crystals of KFe2As2 are synthesized by a 
flux method [29^. The residual resistivity ratios 
(=/)(300K)/p(5K)) of the crystals amount to approxi- 
mately 600. The plate-like crystals with typical dimen- 
sions of 1 X 2 X <(0.1) mm^ are used for the measure- 



ments. The interlayer direction (c-axis) is perpendicular 
to the basal plane of the crystal [Fig. 1(a)]. The CR 
experiments are performed in the range from 55 GHz to 
82 GHz by a cavity perturbation technique [28l |30J . The 
sample, which is mounted on a small Teflon pillar with 
a small amount of grease, can be rotated in a ^ He cryo- 
stat [3TJ [32], and a dc magnetic field of up to 15 T is 
applied by a superconducting solenoid [Fig. 1(a)]. The 
TEoin {n — 1—3) modes are used, consequently, the ac 
magnetic field is applied parallel to the long axis of the 
sample at any field angle [Fig. 1(a)]. The resistivity of 
the present sample at 5 K along the a6-plane (~ 1 /il^cm) 
and the c-axis (?^ 20 /il^cm) gives the microwave pene- 
tration depths for = 60 GHz as ^ah ^ 0.2 /im and ^ 
0.9 /im, respectively. They are much smaller than the 
sample dimensions: the measurements are done in the 
skin-depth regime. 

The lower (red) curve in Fig. 1(b) shows the mag- 
netic field dependence of the cavity transmission for v 
= 62.0 GHz (TE012 mode) at 0.6 K. The upper critical 
field at low temperatures (T<0.1 K) for this field direc- 
tion is approximately 1.6 T [33 . We subtract a smooth 
background [straight dashed line in Fig.l (b) ], likely aris- 
ing from the dc magnetoresistance of the sample and the 
cavity surface, from the raw data, and obtain the upper 
(blue) curve shown in Fig. 1(b). Similar background sub- 
tractions are employed in all the following analyses. The 
sharp resonance (dip) at around 2 T is almost indepen- 
dent of both the temperature and magnetic field angle, 
but has a strong sample dependence. Hence, this signal is 
attributed to the electron spin resonance (ESR) of some 
impurities or contaminations. Actually, recently per- 
formed low-temperature specific heat measurements re- 
veal the presence of unknown magnetic impurities in the 
crystals [34 . The broad absorption observed at around 
7.5 T [arrow in Fig. 1(b)] is attributed to the intrinsic 
CR signal of the sample because of the systematic depen- 
dence of this absorption on the temperature, frequency, 
and field angle, as shown later. All the transmission data 
in the following figures are vertically shifted for clarity. 
Figure 2 shows the field dependence of the transmission 
at various temperatures. A series of broad CR signals 
at around 7.5 T are clearly observed below 3 K, where 
ksT <^hv^ and they become more prominent as the 
temperature is lowered. The resonance field is almost in- 
dependent of the temperature. The transmission drops 
rather abruptly above 12 T at low temperatures. The 
reason for this is not clear. 

Figure 3(a) shows the field dependence of the trans- 
mission at various field angles 0. The resonance fields 
are determined by fitting the resonance curves to Eq. 
(8) in Ref. [35j. The resonance shifts to a higher field 
as 9 increases, following a 1/cos^ dependence [Fig. 3(b)]. 
This clearly shows that the observed CR signals originate 
from the 2D FS of KFe2As2. The resonance also shifts 
to a higher field as the frequency v increases [Fig. 4(a)]. 
The linear fit of the v dependence gives the effective mass 
of (3.4±0.05)me [Fig. 4(b)]. 
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FIG. 2: (color online). Field dependence of the cavity trans- 
mission at various temperatures. 
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FIG. 3: (color online), (a) Field dependence of the transmis- 
sion spectra at 0.6 K and v = 62.0 GHz. The dashed curves 
indicate the fitting results obtained by Eq. (8) in Ref. 35 . 
(b) dependence of the resonance field. The dashed curve 
represents the Bres/cosO with Bres = 7.4 T. 



Although the multiple Q2D FSs have been observed in 
recent dHvA and AMRO measurements on KFe2As2, we 
have found only one series of resonances in the present 
CR measurement. Essentially the CR signal corresponds 
to the electrical conductivity under the high-frequency 
electric field. Therefore, the CR data are directly com- 
pared with the AMRO data, which are related to the 
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FIG. 4: (color online), (a) Transmission for several microwave 
frequencies at 0.6 K. (b) Frequency vs resonance field plot ob- 
tained from the data in (a). The dashed straight line gives 
the cyclotron effective mass of (3.4di0.05)me. (c) Transmis- 
sion for ly = 55.4 and 62.0 GHz as a function of m* /rrie. Both 
spectra show only single resonance at SArUe. 



electrical conductivity in the dc limit. In AMRO mea- 
surements, the a oscillation is well resolved and its am- 
plitude is much stronger than that of (. Therefore, the 
CR signal is likely ascribable to the a FS. Indeed, the 
scattering times obtained from the CR line width, tcr ^ 
0.6—1.4 X 10~^^ s {ucT ^ 4), are consistent with those 
of the a FS obtained during the dHvA measurements, 
TdHvA ~ 0.6-0.7 X 10"^^ s. On the other hand, the C 
FS has a relatively three-dimensional shape (large energy 
dispersion along the c-axis) and the masses corresponding 
to the maximal and minimal cross sections are 8.5 and 
18me, respectively [19]. Therefore, the CR signal from 
the C FS is possibly broadened by the mass distribution 
and is consequently difficult to observe. 

The harmonic resonances of the fundamental CR are 
occasionally observed in some Q2D systems [26l [27l [36l 
|37] . The resonance fields of the harmonic CRs are given 
by Bo/n^ where Bq and n are the resonance field of the 
fundamental CR and integers (n = 2,3,4,...), respec- 
tively. The origin of high-order harmonic CRs is related 
to the periodic motion of the electrons on the Q2D FS 
with higher order corrugations [38 -40^ . The transmission 
spectra for u = 55.4 GHz and 62.yGHz at 0.6 K [Fig. 
4(c)], where the horizontal axis is normalized by m*/me, 
clearly show that only the fundamental CR is present but 
that no high harmonic CRs, e.g., no signals exist at 1.7 
or 6.8me. 

Here, we discuss the difference in the mass renormal- 
ization effects between the dHvA oscillation and CR 
measurements; mjjj^^ = 6.3me on an average, and 



^dHvA 

3.4me for the a FS. It is well known that ^^HvA 
is renormalized by both e-p and e-e interactions. On the 
other hand, according to Kohn's theorem [24], a long- 
wavelength radiation can couple only to the center-of- 
mass motion of electrons, which is not affected by e-e 
interactions. In this situation, corresponding to the CR 
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measurements in single-band systems, tuq^ is renormal- 
ized only by the e-p interaction (not by the e-e interac- 
tion). However, this is not the case for CR measurements 
in multi-band systems. In multi-band systems such as 
KFe2As2, renormalized by the interband 

(not intraband) e-e interaction [28l HTJ [42]. Based on 
the above discussion, we assume the effective mass in 
KFe2As2 as m*HvA = (1 + Aep)(l + A^",*- + XlT')mi,^nd 
and m£j^ = (1 + Aep)(l + A^^^^^^band [43], where Aep, 
Agg*^^, and A^^*®^ are the e-p, intraband e-e, and inter- 
band e-e coupling constants, respectively. For the a FS, 
we obtain XTe'^/{l^Xfe^') = 0.9 using m^HvAMe = 6.3 
on an average and m^j^/me = 3.4. If we use the theoreti- 
cal value for the related materials, i.e., Aep ^ 0.2 [2TH23] . 
we get A^^*'^ = 1.4 and A^^*^' = 0.5. This leads us to 
conclude that both the intra- and the interband e-e inter- 
actions enhance the effective mass of KFe2As2 although 
the Aep and mband values remain rather ambiguous. 

In Fe-based superconductors, a possible superconduct- 
ing mechanism is the AF fluctuation between different 
FS pockets, as discussed in the literatures [441 [45]. 
KFe2As2, the main Q2D FSs are located at the F point 
[iTljT^, and a nodal gap structure has been proposed [13]- 
[16]. These might suggest that the superconductivity in 
KFe2As2 is mainly mediated by the intraband AF fluctu- 
ation [15 . However, the present CR study shows the exis- 
tence of appreciable interband e-e interaction in KFe2As2 
despite the absence of nesting between electron and hole 
FSs. This may be consistent with a recent inelastic neu- 



tron scattering measurement, which suggests significant 
interband scattering between the bands around the F and 
X points [46]. At present, it is still controversial which 
AF fluctuation is the dominant superconducting mecha- 
nism for KFe2As2. 

In the compensated Fe based superconductors, 
BaFe2[As(2-x)Px]7 and LaFePO, significant discrepancies 
between the dHvA results and the band calculations are 
reported [8] [20] . The origin has been discussed in terms 
of the energy band shifts due to strong interband e-e 
interaction between the hole and electron FSs [47 . In 
KFe2As2, the strong interband and/or intraband e-e cor- 
relation evidenced by the CR measurements might also 
be the origin of the discrepancies between the dHvA re- 
sults and the band calculation [19]. 

In summary, a single CR signal is observed in KFe2As2, 
which is ascribed to the a FS centered at the F point. The 
obtained m^j^ of (3.4±0.05)me is significantly smaller 
than the ^^HvA ^ 6.3me on an average. 

This directly indicates the presence of the strong mass 
enhancement on account of the e-e interaction. A com- 
parison between the dHvA and CR analyses results also 
suggests that the effective mass of KFe2As2 is enhanced 
by both the intra- and the interband e-e interactions. 
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